Abstract-
I. INTRODUCTION
Tomorrow's wireless LAN networks will provide high data rates and multimedia services to end users [1] - [9] . Currently, IEEE 802.11n is working toward a multiple-input-multiple-output (MIMO) orthognalfrequency-division-multiplexing (OFDM) solution for next generation wireless local area network (WLAN) standard, which is expected to be standardized by end of 2008 / beginning of 2009. The presence of MIMO-OFDM physical (PHY) layer in 802.11n will yield higher data rate in the network.
To further increase the data rate, the working group has proposed an optional 40 MHz operation, where, stations (STAs) and/or the access point (AP) can transmit/receive in two-20 MHz channels simultaneously. These two channels consists of control and extension channels. To distinguish between the control and the extension channel one should refer to the fact that a 20/40 MHz capable basic service set (BSS) will use the control channel for 20 MHz operation. While the use of 40 MHz channels in WLANs increases the data rate in the network, it will also introduce fairness issues in the network, since 40 MHz channels will increase the number of overlapping BSSs.
In IEEE 802.11n [2] , an optional 20/40 MHz coexistence feature has been proposed. This feature is called phased coexistence operation (PCO) where the AP divides time into alternating 20 MHz and 40 MHz phases. Clear to send to self (CTS2S) frames as well as contention free end (CF-End) frames are used for starting/ending these phases as defined in the Beacon frame or set PCO phase frame. Setting of a 40 MHz phase does not allow for a STA that gains access of the control channel to transmit at 20 MHz control channel if the extension channel is busy. Thus, the proposed approach suffers from inefficiency due to transmission of many control frames (CTS2S and CFEnd) and the rules of starting 40 MHz phase are vague or not defined.
In [10] , the authors propose a two-level carrier sensing solutions for 20 MHz overlapping BSS. In this approach, two additional network allocation vector (NAV) fields are proposed, one for the self-BSS and the other for overlapping BSS. The problem with the proposed approach is that it will require changes to IEEE 802.11 standard. In addition, reading of the overlapping BSS NAV might be quite a challenge.
In [11] , the authors propose interferential packet detection scheme for legacy overlapping BSSs. Dynamic channel switching for the STAs that detect overlapping BSS (based on the received BSSID) is proposed. However, this approach does not consider 20/40 MHz BSS and it applies to only STAs that are located in the overlapping area of the two 20 MHz BSSs. Other work on coexistence [12] - [14] is focused mostly on the coexistence between WLAN networks and other technologies operating in Industrial, Scientific and Medical (ISM) band, such as Bluetooth.
In this paper, we investigate the problems with 20/40 MHz coexistence and discuss the impact of various overlapping BSSs scenarios on the overall network performance. We assume that the extension channel is the overlapping channel; i.e., the channel used by both 20/40 MHz BSS and legacy BSS. Throughout the paper the terms control and primary, as well as extension and secondary channels are used interchangeably. In our investigation, we assume that the 20 MHz BSS is a legacy BSS; i.e., this BSS uses either of the IEEE 802.11a/b/g technologies. The argument for this is that most of WLANs today use IEEE 802.11a/b/g technology and we are interested on investigating the impact of 20/40 MHz operation on these particular networks. We report the overall network throughput with and without the use of of clear channel assessment (CCA). In addition, we provide remedies/solutions to improve the performance of overlapping BSSs.
Thus, this paper answers the fundamental question of whether CCA should be used in the extension channel, it quantifies its impact on the network performance, it investigates the impact on the network performance of requestto-send/clear-to-send (RTS/CTS) protection for 40 MHz transmissions, and it also provide remedies to improve the overall performance. We also report our findings on the impact of 20/40 MHz BSS on legacy BSS when the 20/40 MHz BSS employs IEEE 802.11e enhancements for traffic priorities.
The remainder of the paper is organized as follows. In Section II we describe existing problems with 20/40 MHz coexistence. Simulation setup is described in Section III, while results follow in Section IV. Finally, we briefly discuss the impact of these results as well as the current status of coexistence in IEEE 802.11n standard in Section V and we conclude our findings in Section VI. Figure 1 , the 20 MHz extension channel is given as the overlapping 20 MHz channel. The scenario where the overlapping channel is the 20 MHz control channel is of little interest, because this scenario is similar to legacy BSSs overlapping. Therefore, in this paper, we will investigate the scenario where the overlapping channel is the 20 MHz extension channel.
II. PROBLEMS

A. The problem with not using CCA in Extension Channel
In the initial draft of IEEE 802.11n [2] , a STA/AP transmitting in 40 MHz channel shall sense CCA on the 20 MHz control channel and may sense CCA on the This collision in the extension channel will result in bad packets reception in both BSSs. As a result, the overall throughput in the network will decrease. Hence, the use of CCA in the extension channel is the first step to avoid collisions in overlapping BSSs.
B. Additional Issues
However, even if CCA is used in the 20 MHz extension channel before a STA/AP transmits a 40 MHz frame, it may not always avoid collisions in the network. Figure 2 illustrates the case when collision occurs in the extension channel even if CCA senses that the medium is idle in the extension channel. The reason is that the transmission in the 20 MHz extension channel is in the short interframe spacing (SIFS) interval when CCA in the extension channel senses the channel idle. Hence, the 20/40 MHz STA/AP starts transmitting assuming that the extension channel is idle, thus a collision occurs less than SIFS interval later.
To avoid the collision, the 20/40 MHz STA/AP needs not only sense the channel in the extension channel, but it will also ensure that the channel has been idle for at least a point coordination function interframe space (PIFS) time interval. The reason for using PIFS time interval is that PIFS is greater than SIFS and the STA/AP would have sensed the transmission in the extension channel by this time. Thus, to avoid collisions in the extension channel, 40 MHz transmissions should not start if the time interval for which CCA senses the medium in the extension channel to be idle is not at least PIFS.
It is important to mention here that collisions could still occur in the aforementioned overlapping BSSs. For example, the presence of hidden nodes could still create collisions in the network. However, in this paper, we do not investigate the impact of the hidden nodes in the overall network throughput.
III. SIMULATION SETUP
To investigate the performance of overlapping BSSs for different scenarios, we consider the network depicted in Figure 2 , where each BSS consists of one STA and the AP. In addition, we assume the following:
• For the 20/ compliant (i.e., AIFSN is 2). The reason for selecting the legacy BSS to be non-IEEE 802.11e compliant is that most of the currently deployed WLANs do not comply/use IEEE 802.11e enhancements features. In addition, it would be of interest to include a more complicated scenario with many more STAs being served in each BSS; however, we wanted our investigation to be independent on the number of collisions that occur in each BSSs due to high STAs number. Instead, we choose to saturate the traffic load in each network. Note that for a particular access category (AC), the AIFS is calculated as: (1) where slot time is the slot time duration and SIF S time is shortest interframe spacing (SIFS) time duration. To evaluate the performance of the network, we use OPNET TM simulations. We modified the code to implement CCA in the extension channel. In addition, modifications were made to enable 20/40 MHz transmissions as well as the ability to switch transmission from 40 MHz to 20 MHz when the extension channel is busy for at least PIFS duration. Note that in our simulations PHY layer is abstracted such that only collisions cause packet errors. A 20/40 MHz STA/AP that gains access of the medium and wants to transmit in 40 MHz will use a protection mechanism, such as RTS/CTS, before transmission. We modified the code to accommodate transmission of RTS/CTS frames before any 40 MHz transmission starts; however, there is no RTS/CTS transmission associated with 20 MHz transmissions.
Note that although the 20 MHz BSS is assumed to be a legacy BSS, one could possibly consider other scenarios where the overlapping BSS uses 802.11n technology, which could be a 20 MHz mode only BSS or a 20/40 MHz mode BSS. In this paper, however, we consider legacy BSS since most of the WLANs today use 802.11a/b/g technology and we are interested on investigating the impact on the existing WLAN networks.
The metrics used to evaluate the performance of overlapping BSSs are the throughput and time utilization, where the latter one describes the time that the BSS is operating in 20 MHz or 40 MHz channels. Next we report results obtained via our network simulations for different scenarios.
IV. RESULTS
Before proceeding with simulation results for the overlapping BSSs, we first obtained throughput performance results of individual BSSs when there is no overlap. Note that unless mentioned, the results imply that 20/40 MHz BSS is non-IEEE 802.11e compliant. Figure 4 shows the throughput for both BSS in presence of i) no overlap, ii) overlap and CCA is used in the extension channel, and iii) overlap and CCA is not used in the extension channel. The 20/40 MHz BSS is assumed to operate in 40 MHz transmit/receive mode only. It is obvious that if the STA/AP in the 20/40 MHz BSS do not use CCA in the extension channel, the throughput of legacy BSS is reduced to 2Kbps, while that of 20/40 MHz BSS is reduced to approximately 14 Mbps. On the other hand, the use of CCA in the extension channel increases the throughput in both BSS, to 59.6 Mbps and 12 Mbps, for 20/40 MHz BSS and legacy BSS, respectively. Note that when CCA is used in the extension channel, the medium has to be sensed idle for at least PIFS interval duration before a 40 MHz transmission can take place.
A. Impact of Using CCA in the Extension Channel
The results shown in Figure 5 are similar to those reported in Figure 4 with the only change that 20/40 MHz BSS is IEEE 802.11e compliant. As one can see the maximum throughput for 40 MHz operation only is 102 Mbps, which is expected since AIFS is larger for best effort traffic for IEEE 802.11e compliant traffic. Higher AIFS for 20/40 MHz BSS traffic also translates into higher throughput for legacy BSS, e.g., an increase by about 2.9 Mbps when CCA is used. When CCA is not used in the extension channel, the collisions between two BSSs take over. Figure 6 shows the throughput for both BSS in presence of i) overlap and CCA is used in the extension channel, however 20/40 MHz BSS operates in 40 MHz mode only, and ii) overlap and CCA is used in the extension channel with the additional feature that if a 40 MHz The results shown in Figure 7 are similar to those reported in Figure 6 with the only change that 20/40 MHz BSS is IEEE 802.11e compliant. As one can see when switching is used, the throughput increases for both BSSs. It is clear that the throughput for 20/40 MHz BSS is lower than when this BSS is not IEEE 802.11e compliant. In addition, due to higher AIFS value, the throughput for legacy BSS is expected to be higher. For this particular scenario, 20/40 MHz BSS drops from 66 Mbps to 63 Mbps, while legacy BSS increases from 24.2 Mbps to 25.6 Mbps. decrease of approximately 14% on the overall throughput in the network. These results would suggest that the use of RTS/CTS for 40 MHz transmission hurts the overall throughput and it is not required. However, a 20/40 MHz BSS could serve 20 MHz only STAs; hence, making the use of RTS/CTS protection before a 40 MHz transmission a necessity. The results shown in Figure 9 are similar to those reported in Figure 8 with the only change that 20/40 MHz BSS is IEEE 802.11e compliant. The impacts of RTS/CTS on the throughput and the use of CCA in the extension channel shown in Figure 9 are also similar to the ones shown in Figure 8 . Figure 10 shows the throughput for both BSSs when in addition to RTS/CTS protection and CCA in the extension channel, switching is used; i. The results shown in Figure 11 are similar to those reported in Figure 10 with the only change that 20/40 MHz BSS is IEEE 802.11e compliant. Again, the impact of switching and CCA in Figure 11 are similar to the ones reported in Figure 10 , with the exception that the throughput of 20/40 MHz BSS is lower and that of legacy BSS is slightly higher. Figure 12 shows the utilization of 20 and 40 MHz channels for the 20/40 MHz BSS. The utilization for 20 MHz channel is 77.1% of the time, while for the 40 MHz channel is 22.9% of the time. This also implies that 20 MHz legacy BSS is using the medium; i.e., the extension channel, at least 77.1% of the time. In addition, it also shows that the usage of 20 MHz channel is at least 3 times that of the 40 MHz channel for the simple scenario considered in this paper. If the network consists of more STAs, these being legacy or 802.11n capable STAs, one would expect that 40 MHz channel utilization further decreases. Note that the overhead associated with switching between 20 MHz and 40 MHz transmissions has not been taken into account. This overhead will further reduce the throughput associated with the 20/40 MHz BSS. Another way to improve the fairness in the network is to reduce the transmission opportunity (TXOP) time interval limit during 40 MHz transmissions. TXOP is a time interval that a transmitting STA/AP reserves for communication with a receiving STA/AP. The TXOP value is included in the MAC header and after the devices in the network read this value, they set their network allocation vector (NAV) to this value. The devices will start counting down from this value and they will not contend for the channel till the NAV value is reset to zero. IEEE 802.11e specifies the TXOP values assuming transmission occurs in 20 MHz [7] . However, 40 MHz transmission will require less time since the PHY rate is higher, and therefore, the TXOP values should be smaller than those for 20 MHz transmissions. Figure 13 shows the throughput for 20/40 MHz BSS and 20 MHz legacy BSS if reduced TXOP is used during 40 MHz transmissions, while normal TXOP (as defined in 802.11e standard [7] ) is used during 20 MHz transmissions. If the TXOP transmissions for 40 MHz is reduced from 1.5 msec to single PHY protocol data unit (PPDU) TXOP (i.e., single packet transmission), the throughput of 20 MHz legacy BSS increases from 19.4 Mbps to 24.2 Mbps, while that of 20/40 MHz BSS decreases from 77.6 Mbps to 66 Mbps, as one would expect.
B. Impact of RTS/CTS Protection Frames
C. Utilization and Impact of Reduced TXOP
The results shown in Figure 14 are similar to those reported in Figure 13 with the only change that 20/40 MHz BSS is IEEE 802.11e compliant. Again, the impact of switching and CCA in Figure 14 are similar to the ones reported in Figure 13 , with the exception that the throughput of 20/40 MHz BSS is lower and that of legacy BSS is slightly higher. V. DISCUSSIONS
A. Implications of the Results
In this paper, we investigated and quantified throughput performance of two overlapping BSSs, one being a 20/40 MHz BSS with 20/40 MHz capable STA/AP and the other being a legacy BSS that operates in the 20 MHz extension channel. Our results clearly show that if CCA is not used in the extension channel, the throughput of the network and that of individual BSSs will reduce drastically. The reason for this is that the absence of the CCA in the extension channel implies more collisions during 40 MHz transmissions.
The reported results show that implementation of CCA in the extension channel is the first step toward a solution for 20/40 MHz coexistence. It is clear that the throughput increases because there are less collisions in the network. While compliance with IEEE 802.11e for 20/40 MHz BSS reduces its throughput, for legacy BSS, the throughput is slightly higher. This implies to the traffic scenarios reported in this paper only. For example, if the traffic was video traffic in both networks, then AIFSN number for this traffic is 2 for both IEEE 802.11e compliant and noncompliant; and hence, one would expect the throughput of both BSSs to be the same.
Our results also show that the use of RTS/CTS protection for 40 MHz transmission decreases the throughput in the 20/40 MHz BSS. This is as expected, since in our simulations, only 20/40 MHz BSS uses the RTS/CTS protection. While the results may suggest that it is beneficial not to use the RTS/CTS protection, this is not always the case.
Let us consider the scenario where in addition to 20/40 MHz capable STAs there are also 20 MHz only capable STAs present in the 20/40 MHz BSS. Under this scenario, it is clear that 40 MHz transmissions need to be protected, otherwise the 20 MHz only capable STAs will not be able to set their network allocation vectors (NAVs), which could lead to collisions within 20/40 MHz BSS. Furthermore, in the legacy BSS, STAs that are able to hear RTS/CTS frames will be able to set their NAVs to the appropriate values, which in turn, will reduce the impact of hidden node problems to some extent.
Another way to improve fairness for 20 MHz legacy BSS is to reduce the TXOP values for 40 MHz transmissions. This will ensure that 40 MHz transmitting STAs/AP are using the extension channel for a shorter period of time; which implies that STAs/AP in the 20 MHz legacy BSS will have more opportunities and time to use the channel they operate on.
Another issue to be considered is the presence of hidden nodes. Let us consider the following scenario. A packet is transmitted by a STA in the legacy BSS and it can not be detected (i.e., the received signal strength is below the CCA detection threshold) by a 20/40 MHz STA in the 20/40 MHz BSS that has just gained access to the medium and starts 40 MHz transmission. Collision will occur if the receiving STA of the 40 MHz transmission in the 20/40 MHz BSS or the the receiving STA of the 20 MHz legacy transmission in the legacy BSS can hear both transmissions.
However, regardless of whether the receiving STAs in their respective BSSs can hear both transmissions, there could be other STAs in the 20/40 MHz BSS or legacy BSS that would be able to hear both transmissions. Hence, these STAs will not be able to set their correct value of NAVs if the medium access control (MAC) headers are corrupted due to collision. Note that the wrong value of NAVs can be set by these STAs even if the MAC headers are not corrupted, rather the "wrong" MAC header is being used to set the NAV. Therefore, these STAs can become potential hidden nodes, which will result in a decrease in the network performance.
This scenario clearly suggests that if the collisions are to be avoided, then the BSSs have to operate in non-overlapping channels. Further studies are needed to quantify the impact of hidden node problems on 20/40 MHz coexistence.
B. Coexistence Status in IEEE 802.11n
The latest IEEE 802.11n draft specifies the rules for 20/40 MHz transmission inline with our findings reported in this paper [3] . Thus, at specific slot boundaries, when the transmission begins a transmission opportunity (TXOP) using EDCA in the primary/control channel, the SA may transmit a 40 MHz packet if the secondary/extension channel has been idle for at least PIFS time duration. If the secondary/extension channel has not been idle for at least PIFS time duration, then the STA may choose to:
• transmit a 20 MHz packet, or • restart channel access attempt, in which, the STA shall invoke the backoff procedure assuming an internal collision had taken place. Once a TXOP has been obtained for a 40 MHz packet transmission, the STA may choose to transmit 40 MHz and/or 20 MHz packets during the TXOP. Transmission of 40 MHz packet is not allowed if the medium was obtained by the exchange of 20 MHz packets in the primary channel only [3] .
In 5 Ghz ISM band, if the AP chooses to start a 20/40 MHz BSS that occupies the same channels as any existing 20/40 MHz BSS, the AP shall ensure that the primary and secondary/extension channels are identical, unless it is discovered that there are existing 20/40 MHz BSSs with different primary and secondary channels [3] . In 2.4 GHz band, however, 20/40 MHz permission is allowed if the primary channel is not occupied/used by a 20 MHz or a 20/40 MHz BSS, and the secondary/extension channel is not a secondary channel of a 20/40 MHz BSS [3] . Thus, the presence of 20 MHz legacy BSSs in the secondary/extension channel are not taken into consideration. This will result in throughput degradation for 20 MHz legacy BSSs.
Therefore, even though the current draft tries to specify a set of rules for 20/40 MHz coexistence, the behavior of 20/40 MHz AP that sets 20/40 MHz operation is still ambiguous. Another example is that the current draft states that an AP operating a 20/40 MHz BSS, on detecting an overlapping BSS whose primary channel is the AP's secondary channel, may choose to move to a different pair of channels or switch to 20 MHz BSS operation [3] . However, a vendor may select to design the AP such that switching or selection of a different pair of channels does not occur, regardless of the impact that the 20/40 MHz BSS may have on the overlapping BSS.
As its present state, IEEE 802.11n draft does address some of the issues and concerns that we mentioned in this paper; however, the proposed solution is not complete. To avoid the performance impact on the throughput of 20 MHz legacy BSSs as well as on other non-802.11 networks, 20/40 MHz BSS must operate in non-overlapping channels, especially in the already crowded 2.4 GHz ISM band. Furthermore, even the optional coexistence solution such as phased coexistence operation (PCO), does not address the aforementioned issues and adds complexity and overhead to the coexistence problem.
VI. CONCLUSION
In this paper, we presented and discussed the impact of 20/40 MHz coexistence in WLANs. In particular, we investigated the performance of two overlapping BSSs, one being a 20/40 MHz BSS and the other a legacy BSS. Our results show that if CCA is not used in the extension channel, throughput performance of both BSSs decreases drastically. Our results also show that the use of CCA in the extension channel is a necessary step to achieve high throughput in next generation WLANs. We also reported the impact on the network performance of using RTS/CTS protection mechanism before any 40 MHz transmission. Switching to 20 MHz transmission when the extension channel is not available, as well as reducing TXOP for 40 MHz transmissions are two of the solutions proposed to improve fairness for 20 MHz legacy BSS.
